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The influence of spin-flip scattering on the preparation and detection of a single spin
state in a quantum dot attached to a spin battery
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Recently, the possibility of an all electrical scheme of preparation and readout for a single spin
state in a single quantum dot attached to spin biased leads has been shown [F. Chi et al Phys. Rev.
B 81, 075310 (2010)]. However, spin scattering mechanisms have been omitted. To remedy this
lack we consider the influence of the spin-flip scattering process on the proposed preparation and
readout scheme.
PACS numbers: 72.25.-b, 73.23.-b, 73.63.Kv, 85.35.Be
I. INTRODUCTION
Coherent manipulation of a single spin state in quan-
tum dots (QDs) is crucial for spintronics and quantum
information physics. A qubit, which is the basic require-
ment for quantum information processing, can be realized
as an electron’s spin on a single-electron quantum dot1.
Quantum dots seem to be promising elements for spin-
based quantum computer as their properties are rather
easily and electrically controllable. Preparation and ma-
nipulation of a single spin state in a QD has been real-
ized by various optical and magnetic means2–5 or spin to
charge conversion6,7 techniques. However, to our knowl-
edge, there is no experiment allowing all-electrical control
of a single spin state in a QD (altough such an attempt
should reduce the complexity of the experiment).
Recently, Chi et al have proposed a theoretical scheme
for the preparation and readout of a single spin state
in a QD utilizing spin battery8 realized in recent
experiments9,10. Manipulation and detection of a spin
state have been also investigated in a double quantum
dot system coupled to the spin11 or charge12,13 biased
leads. However, spin scattering mechanisms in a sin-
gle QD have not been taken into account8. Intradot
spin-flip processes can dramatically change a dot’s trans-
port characteristics and lead to suppression of the tun-
nel magnetoresistance14,15. At low temperature the two
most important mechanisms in the QD responsible for
spin-flip phenomena are spin-orbit interactions25 (SOI)
and the hyperfine interaction17 (HI) which couples the
electrons spin to an effective magnetic field induced by
nuclear spins. However, for B ≫ Bnuclear ≈ 3mT the
HI mechanism is suppressed18 and the spin relaxation
is then mainly due to spin-orbit interaction. Many low
temperature experiments have been realized for measur-
ing the spin relaxation time in semiconductor quantum
dots6,7,17,19–21. Although all the ingredients of the QD’s
spin-based quantum computer are available, it is still a
great challenge to build such a device, accessible for com-
mercial applications.
The electron spin state can relax due to thermal de-
cay, which prevents spin-based quantum computation at
room temperature. Another dot’s spin-flip mechanisms
can be induced by higher order tunneling events. Namely,
when the dot is in the Coulomb blockade regime, co-
tunneling processes may flip the spin on a dot22. How-
ever, incoherent processes, like inelastic transitions and
co-tunneling, provide rather a minor contribution to the
spin-flip mechanism2. It is also worth mentioning that in
the case of strong coupling to the leads at low tempera-
ture significant impact on the spin scattering mechanism
can originate from Kondo resonance.
In this paper we analyze the influence of the intradot
spin-flip mechanism on the control of a single spin state
in a quantum dot attached to a spin battery. A spin
battery9,10,23 allows to inject pure spin current into the
dot24.
The paper is organized as follows. In section II we
describe the model and theoretical formalism. Numeri-
cal results are presented and discussed in section III. A
summary and final conclusions are gathered in section
IV.
II. MODEL AND THEORETICAL FORMALISM
We consider a single-level quantum dot coupled to one
spin battery and one normal lead. Then the Hamiltonian
of the system is of the form:
Hˆ =
∑
kασ
εkασc
†
kασckασ +
∑
σ
ǫσq
†
σqσ + Unσnσ¯
+R(q†↑q↓ + q
†
↓q↑) +
∑
kα
∑
σ
(V ασ c
†
kασqσ + h.c.). (1)
The first term describes the left (α = L) and right
(α = R) lead in the non-interacting quasi-particle ap-
proximation. Here, c†
kασ (ckασ) is the creation (anni-
hilation) operator of an electron with the wavevector k
and spin σ in the lead α, whereas εkασ denotes the cor-
responding single-particle energy. The next three terms
in the Hamiltonian (1) describe the quantum dot. Here,
nσ = q
†
σqσ is the particle number operator (σ =↑, ↓), ǫσ
is the discrete energy level of the QD and U is the intra-
dot Coulomb integral. The parameter R in the Hamilto-
nian (1) describes the spin-flip transition amplitude. The
2spin-flip term is assumed to be coherent, in the sense that
the spin-flip strength R involves reversible transitions be-
tween up- and down-spin states on the dot. Such an effect
may originate from a spin-orbit coupling25 in the dot or
from the transverse component of a local magnetic field
applied, for example, within the electron spin resonance
technique26. The last term of Hamiltonian (1) describes
electron tunneling between the leads and dot, where V ασ
are the relevant tunneling matrix elements. Coupling of
the dots to external leads can be parameterized in terms
of Γασ(ǫ) = 2π|V
α
σ |
2ρα, where ρα is the density of states
in the αth lead. In the wide band approximation Γασ is
constant within the electron band, Γασ(ǫ) = Γ
α
σ = const
for ǫ ∈ 〈−W/2,W/2〉, and Γασ(ǫ) = 0 otherwise. Here, W
denotes the electron bandwidth.
To find equations governing the dynamics of the sys-
tem in the weak coupling regime we follow Ref.27 except
as regards the derivation of the dot’s Green’s functions.
In contrast to Ref.27 we do not restrict our model to weak
spin-flip strengths by calculating the dot’s Green’s func-
tions assuming vanishingR. Here, the dot’s Green’s func-
tions are obtained for finite R. Details of the method are
displayed in the Appendix. For the sake of simplicity we
assume spin degenerate dot energy level (ǫ↑ = ǫ↓ ≡ ǫ0).
The rate equations for dot’s expectations values of the
density matrix elements acquire the following form:
ρ˙00 =
1
2
∑
σ
{[F−σ (ǫ0 +R) + F
−
σ (ǫ0 −R)]ρσσ − [F
+
σ (ǫ0 +R) + F
+
σ (ǫ0 −R)]ρ00 + [F
−
σ (ǫ0 +R)− F
−
σ (ǫ0 −R)]ρσ¯σ}
ρ˙σσ =
1
2
{[F+σ (ǫ0 +R) + F
+
σ (ǫ0 −R)]ρ00 −
[
F−σ (ǫ0 + R) + F
−
σ (ǫ0 −R) + F
+
σ¯ (ǫ0 + U +R) + F
+
σ¯ (ǫ0 + U −R)
]
ρσσ
+ [F−σ¯ (ǫ0 + U +R) + F
−
σ¯ (ǫ0 + U −R)]ρ22 + 2iRρσσ¯
− [F−σ (ǫ0 +R)− F
−
σ (ǫ0 −R)− F
+
σ¯ (ǫ0 + U +R) + F
+
σ¯ (ǫ0 + U −R) + 2iR]ρσ¯σ},
ρ˙σσ¯ =
1
4
{[F+(ǫ0 +R)− F
+(ǫ0 −R)]ρ00 − [F
−(ǫ0 +R)− F
−(ǫ0 −R) + 4iR]ρσ¯σ¯
+ [F+(ǫ0 + U +R)− F
+(ǫ0 + U +R) + 4iR]ρσσ
− [F−(ǫ0 +R) + F
−(ǫ0 −R) + F
+(ǫ0 + U +R) + F
+(ǫ0 + U −R)]ρσσ¯}.
ρ˙22 =
1
2
∑
σ
{[F+σ (ǫ0 + U +R) + F
+
σ (ǫ0 + U −R)]ρσ¯σ¯ − [F
+
σ (ǫ0 + U +R)− F
+
σ (ǫ0 + U −R)]ρσσ¯
− [F−σ (ǫ0 + U +R) + F
−
σ (ǫ0 + U −R)]ρ22}. (2)
In above equations, F± = F±↑ + F
±
↓ with F
+
σ (x) =∑
α Γασf(x−µασ) and F
−
σ (x) =
∑
α Γασ[1−f(x−µασ)],
for x = {ǫσ±R, ǫσ+U±R}. Here, f(ǫ−µασ) is the Fermi-
Dirac distribution function in the αth lead. The ther-
mally averaged diagonal elements of the density matrix
(ρ00, ρσσ, ρ22) refer to the probability of the dot’s state
being empty, singly occupied by an electron with spin σ
and doubly occupied, respectively. In turn, the nondiag-
onal terms ρσσ¯ describe coherent transitions between σ
and σ¯ spin states on the dot. Rate equations (2) together
with the completeness relation ρ00 +
∑
σ ρσσ + ρ22 = 1
give us full information about the dynamics of the sys-
tem. The spin-dependent dot’s occupation numbers are
expressed in the following way nσ = ρσσ + ρ22.
Current flowing from α lead to the dot is obtained from
the standard definition:
Jjα = −e〈N˙α〉 = −i
e
~
〈[H,Nα]〉, (3)
where Nα is a occupation number operator in α lead. Af-
ter performing onerous calculations the current formula,
in the weak coupling approximation, acquires the follow-
ing form:
Jα =
e
2~
∑
σ
ℜ{[F+ασ(ǫ0 +R) + F
+
ασ(ǫ0 −R)]ρ00 − [F
−
ασ(ǫ0 +R) + F
−
ασ(ǫ0 −R)]ρσσ
+ [F+ασ(ǫ0 + U +R) + F
+
ασ(ǫ0 + U −R)]ρσ¯σ¯ − [F
−
ασ(ǫ0 + U +R) + F
−
ασ(ǫ0 + U −R)]ρ22
− [F−ασ(ǫ0 +R)− F
−
ασ(ǫ0 −R) + F
−
ασ(ǫ0 + U +R)− F
−
ασ(ǫ0 + U −R)]ρσ¯σ}, (4)
where ℜ[A] denotes the real part of A. Finally, current passing through the dot can be symmetrized in the fol-
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FIG. 1: Dot’s occupation numbers as a function of the spin
bias voltage calculated (a) in the absence of the spin-flip relax-
ation (R = 0) and for the indicated values of the temperature,
(b) for the indicated values of parameter R and for tempera-
ture kBT = 0.01.
lowing way: J = (JL−JR)/2. The spin current is defined
in the following way: Js = (~/2e)(J↑ − J↓), where Jσ is
the spin-σ electron contribution to the charge current.
III. RESULTS
In numerical calculations we take the parameters from
Ref.8. As the charging energy is the largest energy in the
QD we choose it as the energy unit, i.e., U = 1. Then,
other parameters of the system are expressed in units
of the Coulomb interaction parameter U . We set the
dot-lead coupling to be ΓL = ΓR = 0.02. Moreover, we
assume that only the left lead provides spin bias, whereas
the right electrode is the normal lead. Specifically, we set
µL↑ = eVs, µL↓ = −eVs and µR↑ = µR↓ = µR = 0, where
Vs is the applied spin bias. No (charge) bias voltage is
applied.
Following Ref.8 we start from analyzing the prepara-
tion stage in the stationary limit. In this case we set the
left hand sides of Eqs.(2) equal to zero, i.e., ρ˙ij(t) = 0.
Steady state master equations together with the com-
pleteness relation allow us to obtain relevant expectation
values of the density matrix elements and dot occupa-
tion numbers of each spin component (nσ for σ =↑, ↓).
At the beginning we calculated nσ in the absence of spin-
flip processes, which is equivalent to making the assump-
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FIG. 2: Time evolution of the dot’s occupation numbers cal-
culated for initial state |0, 1〉 and for the indicated value of
parameter R, and for ǫ0 = −0.5, kBT = 0.01.
tion that R = 0. Figure 1(a) shows dot’s occupation
numbers as a function of the applied spin bias calcu-
lated for the dot level situated symmetrically between
µR and µL↓ (ǫ0 = −eVs/2). In such a prepared sys-
tem QD tends to be occupied by an electron with spin
up when a sufficiently large spin bias is applied. With
increasing temperature one needs to apply greater spin
bias to obtain a QD in the state with a spin-up electron
with probability close to unity. This indicates the possi-
bility of preparation of a single spin state in a quantum
dot by using a spin bias which has been shown in Ref.8.
Moreover, a sufficiently high spin bias is now available in
experiments9,10. However, spin-flip processes may have
a significant impact on the above picture. Thus, now we
consider the influence of these processes on the prepara-
tion stage. In Fig.1(b) we plot dot occupation numbers
for different values of the parameter R (proportional to
the strength of the spin-flip processes). Generally, when
R is nonzero the occupation number n↑ (n↓) is reduced
(enhanced). However for small R and sufficiently large
spin bias (eVs & 0.68) this suppression of n↑ (enhance-
ment of n↓) can be partially recovered. Thus, if the
intradot spin relaxation is weak enough we are able to
prepare dot in a given state. On the other hand, when
the spin-flip processes are strong enough (R > Γ) the
dot can be occupied with an electron with spin up or
down with almost equal probability. Then, even increase
in the spin bias voltage is not able to enforce the dot’s
occupation by a spin-up electron. In contrast to the
weak spin-flip case, now, further increase of the spin bias
leads to increase of both n↑ and n↓. Moreover, addi-
tional features in the dot’s occupation number depen-
dence can be noticed. These features are due to splitting
of the dot’s energy level induced by a sufficiently strong
spin-flip strength i.e., for R ≫ Γ. After the initializa-
tion stage we lower the dot’s energy level in such way
as to prohibit sequential tunneling events. The sys-
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FIG. 3: Time dependence of the occupation numbers for different initial states (n↑(0), n↓(0)) calculated for the indicated values
of parameter R. Other parameters: ǫ0 = −0.9, kBT = 0.01.
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FIG. 4: Time evolution of the charge current (JR) for different initial states (n↑(0), n↓(0)) calculated for the indicated values
of parameter R. Other parameters: ǫ0 = −0.9, kBT = 0.01.
tem is then in the Coulomb blockade regime, because
ǫ0 < µLσ, µR and ǫ0 + U > µLσ, µR. In order to check
how long a spin state can be maintained before a flip
to another state we have derived numerically the rate
equations (2) and calculated the time dependence of the
occupation numbers nσ for given initial conditions. In
the Coulomb blockade the dot is occupied by one elec-
tron. Thus, ρ00(0) = 0 = ρ22(0), and we can write the
initial dot’s state as |n↑(0), n↓(0)〉 = {|1, 0〉, |0, 1〉} or as a
superposition of spin-up and spin-down states. When the
intradot spin-flip processes are neglected the state |1, 0〉
is very stable, whereas the spin-down state |0, 1〉 evolves
into the state |0, 1〉 after some time8. For a typical quan-
tum dot at very low temperature this time can be long
enough for performing many qubit operations. However,
the spin-flip effect may greatly shorten this time scale.
In Fig.2 we plot the time evolution of the dot’s occupa-
tion numbers for nonzero R and for the dot’s initial state
|0, 1〉. One can notice that even weak spin-flip processes
have a significant impact on these quantities and hence
on the spin lifetime. We have also estimated the spin
lifetime for different values of the parameter R assuming
U = 10meV , kBT = 0.01U (T ∼ 1K). The results ob-
tained are shown in Tab.I. When the spin-flip strength is
5TABLE I: Calculated spin lifetime corresponding to the given
value of parameter R
R[U] 0 10−6 10−5 10−3 10−2 10−1
τ [s] 0.6 6 · 10−9 6 · 10−10 6 · 10−12 6 · 10−13 6 · 10−14
larger than R & 0.01 (0.1meV for the assumed parame-
ters) the spin lifetime is too short for qubit manipulation
even using (picosecond) optical methods. The time evo-
lution of each component of the occupation numbers is
a periodic function of the time. At the times T = nπU
R
(n = 1, 2, ...) the initial dot’s state is restored. When
the dot is initially occupied by a spin-up electron the
time evolution is analogous to that when the initial state
is |0, 1〉 after making the transition n↑(0, 1) → n↓(1, 0)
and n↓(0, 1) → n↑(1, 0). With increasing R the time
evolution of the occupation numbers is qualitatively the
same, however, the time scale is correspondingly changed
(shorter).
Finally, we examine the influence of the spin-flip scat-
tering on the read out process. After performing manip-
ulations on a qubit state the dot’s energy level is further
lowered until µL↑ > ǫ0 + U > µR. Now, spin-up elec-
trons can take part in the transport. Regardless of the
spin relaxation processes, when the dot’s level is initially
occupied by a spin-down electron, an electron with spin
up can tunnel through the dot (onto the dot from the
left lead and further to the right lead) and a finite cur-
rent arises. However, when a spin-up electron resides in
the QD, the spin-down electron can not tunnel onto the
dot because ǫ0 + U > µL↓, whereas the spin-up electron
can not leave the dot because ǫ0 is beneath the transport
window. As a result the current is suppressed. That is
why measurements of the charge current should give us
information about the dot’s state.
When R = 0 a finite current can be observed when dot
was initially occupied by a spin-down electron, whereas
the current vanishes for the state |1, 0〉8. After a suffi-
ciently long time the state |0, 1〉 finally evolves into the
state |1, 0〉 and the charge current is suppressed. However
the above scenario ceases to hold when spin-flip scatter-
ing is included. Due to the spin-flip process, now, the ini-
tial dot’s state |1, 0〉 (|0, 1〉) can be switched to the other
spin state and the current can be partially enhanced (sup-
pressed) as is shown in Fig.4. This switching mechanism
leads to oscillations in occupation numbers (see Fig.3) as
well as in the current with period inversely proportional
to the strength of the spin-flip processes. These oscilla-
tions are dumped due to the dot-lead coupling and the
current saturates to a certain value.
IV. CONCLUSIONS
In conclusion, we have studied coherent transport
through a single quantum dot subjected to spin bias in
the presence of intradot spin-flip processes. We have
found that sufficiently large spin-flip strength can pre-
vent preparation and readout dot’s spin state by means
of the present techniques. However, recent experiments
have shown that the spin lifetime can reach millisecond
or second time scales6,17,18 which is enough for perform-
ing many spin operations. That is why, along with the
authors of Ref.8, we believe that a single spin state in
the (all electrically controllable) quantum dot is a good
candidate for being a qubit.
Acknowledgements
This work was supported partly by funds from the
Polish Ministry of Science and Higher Education, as a
research project N N202 169536 in the years 2009-2011.
Appendix: Rate Equations
To obtain the rate equations (2) we adopt the formal-
ism presented in Ref.27. Specifically, we express the dot’s
operator in terms of Hubbard operators:
qσ = |0〉〈σ|+ σ|σ¯〉〈2| (5)
represented by four possible electron states in each dot
which satisfy the following completeness relations:
|0〉〈0|+
∑
σ
|σ〉〈σ| + |2〉〈2| = 1ˇ. (6)
Furthermore, the set of auxiliary operators is introduced
and the dot operators are expressed by means of the
slave-boson and pseudofermion operators27.
From the definitions of the Dirac brackets one is able
to find the commutation (and anticommutation) rules for
new operators.28 In the slave-boson representation the
Hamiltonian of the system (1) acquires the form
Hˆ =
∑
kασ
εkασc
†
kασckασ +
∑
σ
ǫσ(f
†
σfσ + d
†d)
+ R(f †↑f↓ +H.c.) + Ud
†d
+
∑
kα
∑
σ
[V ασ c
†
kασ(e
†fσ + σf
†
σ¯d) + H.c.]. (7)
Here, b† is the slave-boson operator which creates an
empty state in the dot, f †σ is a peudofermion operator
which creates a singly occupied state with an electron
with spin σ, whereas d† creates a doubly occupied state
with an electron with spin σ and another electron with
spin σ¯ in the dot. In the slave-particle representation the
density matrix elements are written in the following way:
ρˆ00 = e
†e, ρˆσσ = f
†
σfσ, ρˆ22 = d
†d. Here, the statistical
expectations of the density matrix elements (ρnn ≡ 〈ρˆnn〉
with n = 0, σ, 2) give the occupation probabilities of the
quantum dot being empty, singly occupied by an electron
with spin σ, and doubly occupied, respectively.
6To derive the rate equations we start from the von
Neumann equation for the density matrix operator:
˙ˆρ = i[H, ρˆ], (8)
where ρˆ = (ρˆ00, ρˆσσ, ρˆσσ¯, ρˆ22)
T . Furthermore, the aver-
aged equations for density matrix elements are expressed
by means of dot-lead Green functions. and using the Lan-
greth theorem29, the dot-lead Green functions can be set
down by means of dot’s Green functions and free leads’
Green functions27,30. The Green functions of the dot, in
time space, are defined in the following way Gσσ′ (t, t
′) =
〈〈qσ(t)|q
†
σ′ (t
′)〉〉 = 〈〈e†(t)fσ(t)|f
†
σ′ (t
′)e(t′)〉〉 +
σσ′〈〈f †σ¯(t)d(t)|d
†(t′)fσ¯′(t
′)〉〉 = Geσσ′ (t, t
′) + Gdσσ′(t, t
′).
Other parts of Gσσ′ (t, t
′) vanish for t′ = t, and thus are
omitted as we are interested in the t′ = t case. Now, we
are able to express the rate equations by means of the
dot’s Green’s functions and these can be written in the
following form:
ρ˙00 = −
i
2π
∫
dω
∑
ασ
[Γασf
α(ω)G>eσσ(ω) + Γ
α
σ(1 − f
α(ω))G<eσσ(ω)]
ρ˙σσ =
i
2π
∫
dω
∑
α
[Γασf
α(ω)G>eσσ(ω) + Γ
α
σ(1− f
α(ω))G<eσσ(ω)− Γ
α
σ¯f
α(ω)G>dσσ(ω)− Γ
α
σ¯(1 − f
α(ω))G<dσσ(ω)]
+ iR(ρσσ¯ − ρσ¯σ)
ρ˙σσ¯| =
i
4π
∫
dω
∑
α
{(Γασ + Γ
α
σ¯)[f
α(ω)G>eσσ¯(ω) + (1 − f
α(ω))G<eσσ¯(ω)− f
α(ω)G>dσ¯σ(ω)− (1− f
α(ω))G<dσ¯σ(ω)]}
+ iR(ρσσ − ρσ¯σ¯)
ρ˙22 =
i
2π
∫
dω
∑
ασ
[Γασf
α(ω)G>dσ¯σ¯(ω) + Γ
α
σ(1− f
α(ω))G<dσ¯σ¯(ω)] (9)
Now, we only need to know the Green’s function of the
dot. This is derived in the weak coupling approximation
from the corresponding equation of motion for the dot’s
operators. Thus, we obtained
G<eσσ(ω) = iπρσσ{δ[ω − (ǫ0 +R)] + δ[ω − (ǫ0 −R)]}+ iπρσ¯σ{δ[ω − (ǫ0 +R)]− δ[ω − (ǫ0 −R)]},
G>eσσ(ω) = −iπρ00{δ[ω − (ǫ0 +R)] + δ[ω − (ǫ0 −R)]},
G<dσ¯σ¯(ω) = iπρ22{δ[ω − (ǫ0 + U +R)] + δ[ω − (ǫ0 + U −R)]},
G>dσ¯σ¯(ω) = −iπρσ¯σ¯{δ[ω − (ǫ0 + U +R)] + δ[ω − (ǫ0 + U −R)]}+ iπρσσ¯{δ[ω − (ǫ0 + U +R)]− δ[ω − (ǫ0 + U −R)]},
G<eσσ¯(ω) = iπρσσ¯{δ[ω − (ǫ0 +R)] + δ[ω − (ǫ0 −R)]}+ iπρσ¯σ¯{δ[ω − (ǫ0 +R)]− δ[ω − (ǫ0 −R)]},
G>eσσ¯(ω) = −πρ00{δ[ω − (ǫ0 +R)]− δ[ω − (ǫ0 −R)]},
G<dσ¯σ(ω) = iπρ22{δ[ω − (ǫ0 + U +R)]− δ[ω − (ǫ0 + U −R)]},
G>dσ¯σ(ω) = iπρσσ¯{δ[ω − (ǫ0 + U +R)] + δ[ω − (ǫ0 + U −R)]} − iπρσσ{δ[ω − (ǫ0 + U +R)]− δ[ω − (ǫ0 + U −R)]}.
(10)
To derive these Green functions we assumed no coupling
to the leads (V ασ = 0) and that the leads are taken to be
in local thermal equilibrium. In contrast to Refs.14,27,31
we did not assume vanishing R during the calculation
of the above Green’s functions. Thus, our equations are
not limited to small values of the spin-flip strengths (R≪
Γ). Moreover, the form of these Green’s functions clearly
shows that spin-flip processes lead to splitting of the dot’s
energy level. Finally, connecting Eqs.(10) with Eqs.(9)
we arrive at the coupled set of differential equations (2).
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